Blain GM, Smith CA, Henderson KS, Dempsey JA. Contribution of the carotid body chemoreceptors to eupneic ventilation in the intact, unanesthetized dog. J Appl Physiol 106: 1564 -1573, 2009. First published February 26, 2009 doi:10.1152/japplphysiol.91590.2008.-We used extracorporeal perfusion of the reversibly isolated carotid sinus region to determine the effects of specific carotid body (CB) chemoreceptor inhibition on eupneic ventilation (V I) in the resting, awake, intact dog. Four female spayed dogs were studied during wakefulness when CB was perfused with 1) normoxic, normocapnic blood; and 2) hyperoxic (Ͼ500 mmHg), hypocapnic (ϳ20 mmHg) blood to maximally inhibit the CB tonic activity. We found that CB perfusion per se (normoxic-normocapnic) had no effect on V I. CB inhibition caused marked reductions in V I (Ϫ60%, range 49 -80%) and inspiratory flow rate (Ϫ58%, range 44 -87%) 24 -41 s following the onset of CB perfusion. Thereafter, a partial compensatory response was observed, and a steady state in V I was reached after 50 -76 s following the onset of CB perfusion. This steady-state tidal volume-mediated hypoventilation (ϳ31%) coincided with a significant reduction in mean diaphragm electromyogram (Ϫ24%) and increase in mean arterial pressure (ϩ12 mmHg), which persisted for 7-25 min until CB perfusion was stopped, despite a substantial increase in CO 2 retention (ϩ9 Torr, arterial PCO 2) and systemic respiratory acidosis. We interpret these data to mean that CB chemoreceptors contribute more than one-half to the total eupneic drive to breathe in the normoxic, intact, awake animal. We speculate that this CB contribution consists of both the normal tonic sensory input from the CB chemoreceptors to medullary respiratory controllers, as well as a strong modulatory effect on central chemoreceptor responsiveness to CO 2. control of breathing; eupnea; peripheral chemoreception SINCE THE LANDMARK FINDINGS of Corneille Heymans and colleagues in the 1930s (16), a number of experimental models have been used in an attempt to determine the role of carotid body (CB) chemoreflexes in the regulation of breathing. For example, hypoventilation, which averaged 20% below control, has been reported in several animal species following CB denervation (CBD), thereby demonstrating that CB chemoreceptor afferents provide a significant tonic excitatory input to the medullary respiratory neurons during eupnea (3, 13, 18, 26, 31) . However, there are major limitations of the CBD model that severely limit the conclusions that can be drawn from these studies, because CBD has also been shown to result in several time-dependent compensatory and adaptive changes that fundamentally alter the respiratory control system. For example, CBD has been shown to cause the following changes: 1) upregulation of aortic chemoreceptors sensitivity (2, 3); 2) marked reductions in cytochrome oxidase activity in the medullary rhythm-generating neurons in the pre-Bötzinger complex, suggesting a reduced activity of the central respiratory control system after CBD (22) over and above that resulting from loss of carotid chemoreceptor afferent input. 3) A significant reduction of the ventilatory response to focal acidosis with 80% CO 2 at multiple raphe sites was found after CBD in the goat (17). 4) Several studies (2, 20, 26) have shown that, after the initial rise in eupneic arterial PCO 2 (Pa CO 2 ) following denervation, Pa CO 2 falls, and the gain of the ventilatory response to CO 2 rises gradually over days to weeks.
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To our knowledge, the role of CB chemoreceptors in eupneic breathing at rest in the intact, unanesthetized preparation has never been tested. Over the past decade, based on the pioneering work of Busch et al. (5) in the goat, we have developed and refined an isolated and perfused CB preparation in the unanesthetized, intact canine, which reversibly separates the circulation of the CB chemoreceptors from that of the systemic circulation (and, therefore, the cerebral circulation supplying the central chemoreceptors). This preparation allows precise and independent control of the chemical milieu of these regions in an intact physiological preparation. Using this technique, our group showed in intact, unanesthetized dogs, that inhibition of the CB chemoreceptors via perfusion of the reversibly isolated carotid sinus region with either hyperoxic or hypocapnic blood transiently reduced eupneic ventilation to an average of 29% below control (38) . However, the true contribution of CB chemoreceptors to eupneic ventilation cannot be determined from this study, because the tonic input from these chemoreceptors may not have been maximally inhibited. Moreover, the ventilatory response beyond ϳ2 min of inhibition was not studied, so any further compensation for changes in Pa CO 2 and H ϩ in the steady-state was not determined. To overcome these limitations, we combined marked hypocapnia and hyperoxia to maximally and physiologically inhibit the isolated CB chemoreceptors over longer durations. With this approach, combined with an analysis of the time course response, we have quantified the CB chemoreceptors' maximum contribution to the eupneic drive to breathe, as well as the compensatory capability of the central chemoreceptors to respond to systemic hypercapnia in the absence of tonic CB chemoreceptor input.
METHODS
Studies were performed during wakefulness on four unanesthetized, spayed female, mixed-breed dogs (20 -25 kg) . The dogs were trained to lie quietly in an air-conditioned (19 -22°C), sound-attenuated chamber. Throughout all experiments, the dogs' behavior was monitored by an investigator seated within the chamber and also by closed-circuit television. The Animal Care and Use Committee of The University of Wisconsin-Madison approved the surgical and experimental protocols for this study.
Chronic Instrumentation
Our preparation required two surgical procedures performed under general anesthesia and with strict sterile surgical techniques and appropriate postoperative analgesics and antibiotics. In the first procedure, dogs were subjected to ovariectomy/hysterectomy, a chronic indwelling catheter was placed into the abdominal aorta via a branch of the femoral artery, and bipolar electromyogram recording electrodes were installed into the costal diaphragm. In the second procedure, the left CB was denervated, and the right carotid sinus was equipped with a vascular occluder and catheter to permit extracorporeal perfusion of the reversibly isolated carotid sinus CB. A chronic indwelling catheter was also placed in the abdominal vena cava via a branch of the femoral vein. Catheters were tunneled subcutaneously to the cephalad portion of the dog's back where they were exteriorized. Dogs recovered for at least 4 days before study. The instrumentation was protected with a heavy nylon jacket and a padded "Elizabethan" collar modified to allow normal eating and drinking.
Carotid Sinus Perfusion
Dogs lay unrestrained on a bed within the sound-attenuated chamber. The extracorporeal circuit was primed with ϳ700 ml of saline, 120 ml of allogenic blood, and 2,500 units of heparin and supplemented with 1,000 U/h. PCO 2, PO2, and pH in the perfusion circuit were set by adjustment of the gas concentrations supplying the circuit and by addition of NaHCO 3. The carotid sinus region was perfused at flow rates Ͻ100 ml/min, which raised the pressure in the sinus region by Ͻ10 mmHg above the systemic blood pressure. Before data acquisition, a 30-min period of normal perfusion of the carotid sinus region was used to ensure uniformity between systemic and extracorporeal circuit blood. Intravenous boluses of NaCN (ϳ20 mg/kg) were used to confirm that 1) the nondenervated CB remained completely functional before CB perfusion; and 2) there was complete isolation of the carotid sinus during perfusion and also complete denervation of the contralateral CB. These techniques have been described in detail in previous publications (8, 37, 38) .
Experimental Setup and Measurements
Ventilation was measured using a tight-fitting muzzle mask connected to a heated pneumotachograph (model 3700, Hans Rudolph, Kansas City, MO) that was calibrated before each study with four known flows. Costal diaphragm electromyogram (EMG di) signals were amplified, band-pass filtered, rectified, and moving-time averaged (BMA-931; MA-821RSP, CWE). End-tidal PO 2 (PETO 2 ) and PCO2 (PETCO 2 ) were measured using a mass spectrometer (MGA-1100, Perkin-Elmer, Waltham, MA).
Blood pressure was recorded continuously from the femoral artery. One-milliliter arterial and perfusion circuit blood samples were analyzed for pH, PO 2, and PCO2 on a blood-gas analyzer (model ABL-505, Radiometer, Copenhagen, Denmark). The blood-gas analyzer was validated daily with dog blood tonometered with three different combinations of PO 2 and PCO2, covering the range encountered in the experiments. Samples were corrected for both body temperature and systematic errors revealed by tonometry.
Ventilation and blood pressure signals were digitized (128-Hz sampling frequency) and stored on the hard disk of a PC for subsequent analysis. Key signals were also recorded continuously on a polygraph (AstroMed K2G, West Warwick, RI). All ventilatory data were analyzed on a breath-by-breath basis by means of custom analysis software developed in our laboratory.
Experimental Protocol
Each test protocol consisted of a 5-min control period (eupnea), during which perfusion of the CB was endogenous, i.e., systemic arterial blood. Two 1-ml blood samples were collected at ϳ3 min for determination of blood gases and pH control values. Then, CB perfusion was abruptly switched to the extracorporeal circuit (Ͻ2 s), and the ventilatory and EMG di responses were recorded for at least 7 min before the carotid sinus was abruptly returned to endogenous perfusion.
The dogs were perfused in random order from the extracorporeal circuit with blood gases and pH concentrations matching a given dog's eupneic values (CB normal), or with hyperoxic (Ͼ500 mmHg) and hypocapnic (ϳ20 mmHg) blood gases (CB inhibited). At least two 1-ml blood samples were collected at ϳ3 min and ϳ7 min of perfusion for determination of blood gases and pH. During inhibition of CB chemoreceptors, inspired O 2 fraction was increased to maintain arterial PO2 at control values.
Speed of Response
We determined the time to the first significant ventilatory response [breath-by-breath minute ventilation (V I)]. A V I response was considered significant if it was 3 SDs lower than the mean of the preceding normocapnic V I. We also quantified 1) the time to V I nadir, defined as the mean of the lowest V I and its two surrounding breaths; 2) the time required for V I to reach a steady state, defined as the first three consecutive breaths within 1 SD of the mean V I from the last 30 s of CB inhibition; and 3) the mean ventilatory values at 5 min following the beginning of CB inhibition (averaged over a 30-s period) and from the last 30 s of CB inhibition.
We also determined the time to the first significant response in mean arterial pressure (MAP). A response in MAP was considered significant, if it was 3 SDs higher than the mean of the preceding normocapnic MAP. We also quantified the time required for MAP to reach a steady state, defined as the first three consecutive beat values within 1 SD of the mean MAP from the last 30 s of CB inhibition.
Ventilatory and Arterial Blood Variables
Ventilatory data were averaged for the last 2 min of control and CB perfusion periods to determine the ventilatory response to CB inhibition. Duplicate arterial blood samples were also obtained during this 2-min period.
Statistics
Normality of the data was confirmed using the Shapiro-Wilk test. The time-dependent effect of CB inhibition on ventilation (see Fig. 3 ) was tested using a one-way repeated-measure ANOVA with Holm-Sidak post hoc test. Significance of the differences in mean steady-state data between control and the response to CB perfusion was determined by means of paired t-tests, with Bonferroni correction for multiple comparisons. Differences were considered significant if P Ͻ 0.05.
RESULTS

Effects of Perfusion Per Se
Consistent with our laboratory's previous studies (37, 38) , CB perfusion with blood gases and pH matched to normal eupneic systemic arterial values did not significantly affect ventilation or cardiovascular parameters (Tables 1 and 2 ). Figure 1 is a segment of an original polygraph record showing the ventilatory, EMG di , MAP, PET O 2 , and PET CO 2 responses over the first 4 min of perfusion of the isolated CB with hyperoxic and hypocapnic gases in a representative dog (dog 2). Note the rapid reduction in tidal volume (VT) and the amplitude of EMG di and the development of hypoventilation (i.e., elevated PET CO 2 ) with the onset of CB perfusion. Also note that, as CB inhibition was maintained, the VT and EMG di amplitude tended to increase slowly over time; however, a substantial hypoventilation remained throughout the 4-min period of CB perfusion.
Response to CB Inhibition: Original Record
Steady-State Ventilatory Response to CB Inhibition
We performed a total of 27 CB inhibition experiments in four dogs. The mean values for blood gases and ventilatory variables obtained during control and steady-state periods of CB inhibition are summarized in Table 1 .
Representative breath-by-breath time course of response of V I and PET CO 2 are shown in Fig. 2 for each animal. In all four animals, V I fell abruptly, and PET CO 2 rose with the onset of CB inhibition; shortly thereafter, V I rose slightly and reached a steady-state plateau over the remaining several minutes of each trial. In the steady state, Pa CO 2 (superimposed on the figure) rose to 7-14 Torr greater than control and was accompanied by a significant respiratory acidosis. EMG di fell 24% (range 19 -34%), mean inspiratory flow rate (VT/TI, where TI is inspiratory time) was reduced by 30% (range 22-49%), and V I decreased 31% (range 16 -48%) below control. This reduction in steady-state V I was due almost entirely to a reduced VT, with only one of the four animals showing a significant decrease in breathing frequency as well as in VT (see Table 1 ). Figure 3 divides the time course of the ventilatory response with CB inhibition into five segments.
Time Course and Magnitude of the Ventilatory Depression via CB Inhibition
Time to first ventilatory depression. The time to the first detectable breath with a reduction in V I and VT/TI to more than 3 SDs below the control mean averaged 8 s (range, 4 -12 s) from the onset of CB hyperoxic hypocapnia.
Nadir of the ventilatory response. Thirty seconds (range 24 -41 s) following the onset of CB inhibition, V I and VT/TI were reduced to an average of 60% (range 49 -80%) and 58% (range 44 -87%) of control, respectively. These nadir values were averaged over three breaths (13-18 s) , during which time the reduced V I and VT/TI remained unchanged. Thereafter, V I and VT/TI began to increase systematically, presumably repre- Fig. 3 and Table 1 ).
Individual mean values for V I and VT/TI are shown after 5 min of continued CB inhibition in each animal, as well as for the average maximum duration of CB inhibition, which varied from 7 to 10 min across the four animals. The constancy of these values in all animals in all trials between 1 and 10 min of CB inhibition demonstrates that the compensatory increases of V I and VT/TI were essentially complete within 30 s following the nadir of hypoventilation achieved via CB inhibition.
Off-transient. Due to normal behavioral patterns (stretching, licking, etc.), technically acceptable ventilatory and cardiovascular data following the abrupt cessation of CB inhibition were not available in all dogs. In two dogs (dogs 1 and 3) in which acceptable off-transient data were available, cessation of CB inhibition was accompanied by a brief V I overshoot, followed by a return to control values within ϳ27 s (range 24 -29 s; Fig. 4) . Note, in this example, that the CB inhibition-induced hypoventilation was maintained throughout 25 min of CB inhibition.
Cardiovascular Response to CB Inhibition
MAP and heart rate changes in response to CB inhibition are shown in Fig. 5 and Table 2 . MAP began to rise significantly above 3 SD of control (13.7, range 9 -18 mmHg) ϳ32 s on average (range 22-45 s) after the onset of CB inhibition. A steady-state response, with MAP increased by 12 mmHg (range 5-17 mmHg) greater than control, was achieved at ϳ52 s (range 32-92 s) following the onset of CB inhibition and remained elevated throughout the duration of CB inhibition. Heart rate did not change systematically from control over the time course of CB inhibition. In the two dogs (dogs 1 and 3) in which acceptable off-transient data were available, cessation of CB inhibition was accompanied by a return of MAP to control values within ϳ30 s (range 26 -34 s).
DISCUSSION
Our study shows that physiological inhibition of the carotid chemoreceptor via hyperoxic-hypocapnic perfusion in intact, unanesthetized dogs significantly and markedly inhibits eupneic EMG di , VT, and V I. The maximal ventilatory depression that was observed consistently within 30 s of the onset of isolated CB inhibition suggests that more than one-half of the eupneic drive to breathe in the normoxic, intact animal is attributable to sensory tonic input from the carotid chemoreceptor. Longer periods of isolated CB inhibition were accompanied by marked hypoventilation and systemic respiratory acidosis for which there was significant but incomplete ventilatory compensation. This limited compensatory response was attributed to a secondary inhibitory effect on medullary chemoresponsiveness (to brain hypercapnia) caused by the absence of CB sensory input.
Significance/Limitations of the Unanesthetized, Intact, Carotid Sinus-Perfused Model
We believe that the present study, utilizing the intact, unanesthetized, carotid sinus-perfused dog model to isolate the CB chemoreceptors from the systemic circulation and central chemoreceptors is an important advance over the CBD model. Indeed, this model, with intact but reversibly isolated CB, preserves the tonic CB sensory input, thereby avoiding 1) any potential compensatory changes in the central respiratory controller or in central and/or non-CB peripheral chemoreceptor sensitivities resulting from CBD (2, 20, 22, 26) ; and 2) any changes in baseline ventilation or acid-base status, as is commonly observed following bilateral CBD (14, 31) (also see Introduction). Moreover, our study provides unique data in the unanesthetized dog, in which both chemoreflexes, pulmonary mechanoreflexes, and baroreflexes were not obtunded, as is known to occur with anesthesia (10, 15, 29) . Finally, the isolated, blood-perfused CB preparation permits reversible physiological inhibition of the CB chemoreceptor, thereby allowing analysis of the time course of the cardiorespiratory response to sustained inhibition of carotid chemoreceptor sensory input in the absence, as well as in the presence, of A and B) , dog 2 (C and D), dog 3 (E and F), and dog 4 (G and H). Data are breath by breath and normalized to control (endogenous CB perfusion; i.e., CB not inhibited). CB inhibition commenced at time 0 (vertical line). Numbers at arrow indicate arterial PCO2 (Torr) and pH measured at that time. Note that the hypoventilation is maintained throughout CB inhibition, despite marked CO2 retention and arterial acidosis. ⌬, Change. secondary changes in systemic arterial blood gases (see below).
Our method of CB perfusion does require unilateral CBD on the nonperfused side. The potential effects on the central ventilatory control system following denervation are thus a concern. There is evidence using this preparation in both the goat (5) and the dog (8, 38) showing that unilateral CBD has no consistent effects on ventilation during control, air-breathing conditions, or on the ventilatory response to hypoxia or CO 2 . In contrast, Pan et al. (26) showed in the goat that unilateral CBD resulted in a transient (i.e., over 7 days) but significant hypoventilation during room-air breathing, yet the ventilatory response to intravenous injections of sodium cyanide was not affected. We also found high Pa CO 2 values (48.5 Ϯ 1.9 Torr) in one dog (dog 3) during eupneic control in the present study, even though inhibition of the remaining CB in this dog elicited a further marked increase in Pa CO 2 (ϩ8.7 Torr) in the steady state, which was similar to the increase observed in the remaining three animals (ϩ14, ϩ9.5, and ϩ6.6 Torr), which showed no significant alteration in eupneic Pa CO 2 following unilateral CBD. Taken together, these findings suggest that animals with one intact CB have a ventilatory control system that responds similarly to that of the intact animal.
To produce retrograde flow through the carotid sinus region sufficient to isolate the CB from systemic blood, perfusion pressure was slightly higher (ϳ5-10 mmHg) than systemic arterial pressure. However, data from the present study using normoxic and normocapnic control perfusions, as well as a previous study using increases in blood pressure limited to the carotid sinus in the awake dog (33) , showed that pressure increases of this magnitude had no significant ventilatory or cardiovascular effects. Consequently, we do not think that the imposed slight increase in carotid sinus pressure is a significant limitation to this study.
Significant sex differences in peripheral and central chemosensitivities could be a potential limitation to our use of spayed female dogs in the present study. However, our interpretation of the human literature is that the preponderance of evidence, when scaled correctly for body mass and/or vital capacity, supports a lack of sex difference in ventilatory responses to hypoxia or hypercapnia (19, 28, 41, 45) . In studies that do find a difference, women tend to have a lower apneic threshold for CO 2 (i.e., a wider CO 2 reserve) (46) or an increased ventilatory response to hypoxia (1) relative to men, although one paper reports an increased peripheral response to CO 2 in men vs. women based on single-breath CO 2 tests (35). The limited Fig. 1 ). Data are breath by breath and normalized to control (endogenous CB perfusion; i.e., CB not inhibited). Mean PETCO 2 and V I during control were 43.1 Torr and 5.51 l/min, respectively. CB inhibition commenced at time 0 (first vertical line) and stopped after 25 min of CB inhibition (second vertical line). Note that the hypoventilation is maintained throughout CB inhibition, despite marked CO2 retention, and, after a brief overshoot, it returned to control values within 30 s upon a return to endogenous CB perfusion. , bottom] during CB inhibition. Data are normalized to control (%control, where control is normal, endogenous CB perfusion; i.e., CB not inhibited) and presented as means Ϯ SD. Control is arbitrarily set to zero to more clearly indicate the direction of change. For each dog, the first error bar (without associated bar) indicates the SD of the control values. Ͼ3 SD, the first V I response Ͼ 3 SDs below the control mean; Nadir, the mean of the lowest V I and its two surrounding breaths; Steady State, the mean values of the first 3 consecutive breaths within 1 SD of the mean V I from the last 30 s of the experiment (Ͼ7 min of perfusion); 5Ј, the mean ventilatory values of the last 30 s of the 5th min of CB inhibition; End, the mean ventilatory values from the last 30 s of each experiment, regardless of duration. Note that the nadir ventilatory response to CB inhibition averaged 60% below control, and the maintained steady-state response was 38% below control. Significant difference from *control values and †nadir values, P Ͻ 0.05.
animal literature (again, when scaled correctly) is generally in agreement with that of the human literature in that there are either no differences in the ventilatory responses to hypoxia and hypercapnia (34, 42) or slightly increased ventilatory responses to hypoxia in women (23, 42) . It is important to recall that, in the present study, using spayed female dogs, ovarian hormone levels would be low and cycling absent, so our dogs would be most analogous to postmenopausal women. Even if modest non-hormone-mediated sex differences in peripheral and central chemosensitivities do exist, we think it unlikely that there would be qualitative effects on our results. Large differences would, of course, be a greater concern, but, to our knowledge, there is no evidence for such differences. 
Carotid Chemoreceptor Contributions to Eupneic Drive to Breathe in Normoxia
Our estimates of the carotid chemoreceptor contribution to eupneic drive to breathe are at least about twofold greater than previously reported. Prior estimates of this contribution include the following: 1) the ϳ10% reduction in VT and V I achieved transiently in humans via a few breaths of a hyperoxic inspirate (7, 11, 12) ; 2) the ϳ28% reduction in V I achieved transiently in unanesthetized dogs during 100% O 2 breathing (6); and 3) the ϳ20% reduction in V I several days after chemoreceptor denervation in dogs, goats, or ponies (3, 14, 26, 31) . Previously, we used extracorporal perfusion of the isolated CB to inhibit the chemoreceptor with either hyperoxic or hypocapnic blood (38) . With either of these perfusates, we observed a maximum ϳ29% reduction in V I after ϳ30 s of perfusion. In the present study, our time course analysis revealed again a maximum ventilatory depression ϳ30 s following the onset of CB inhibition, but the magnitude was much greater, i.e., ϳ60% (range 49 -80%) below normocapnic control conditions. It is important to emphasize that this nadir of the ventilatory response did not occur for only a single breath, but was sustained over several breaths and was reproducible upon repeat trials of CB inhibition in the same animal. We propose that the greater ventilatory depression obtained in the present study is due to the combined effects of hyperoxia and hypocapnia, which likely provided a greater inhibition of carotid sinus nerve activity than hyperoxia or hypocapnia alone. Furthermore, in contrast to the reported response to CBD, the response to acute physiological inhibition of the intact CB in the present study was likely influenced little, if at all, by upregulation of other sources of peripheral chemoreception or compensatory alterations in the sensitivity of medullary respiratory control mechanisms (see also Significance/ Limitations of the Unanesthetized, Intact, Carotid Sinus-Perfused Model above).
Accordingly, we propose that the present data support the idea that a contribution of the normoxic carotid chemoreceptor contributes more than one-half of the total drive to eupnea in normoxia. Given that the nadir of ventilation was not reached until after ϳ30 s of CB inhibition, it is likely that at least some limited level of brain acidosis coincided with and, therefore, limited the reduction of respiratory motor output achievable via CB inhibition per se (also see DISCUSSION below, regarding compensation). So, if anything, we may have underestimated the contribution of the CB chemoreceptors.
Modulatory Effects of Carotid Chemoreceptor on the Response to Systemic Hypercapnia
After the initial 30 s of marked ventilatory inhibition in response to CB inhibition, EMG di , VT/TI, and V I rose again and plateaued over the remaining several minutes of CB perfusion at an average of 24 -31% below control values (see Figs. 2 and 3) . The timing of this secondary rise in V I coincides with the ventilatory response time of ϳ28 -30 s for central chemoreceptors observed following a step increase in inspired CO 2 fraction in the awake dog, whose intact CB was perfused with normoxic, normocapnic blood (37) . The level of CO 2 retention presently achieved in the steady state also approximates that obtained 1 day to many years in humans after CB resection in patients with CB tumor (9, 43) or chronic obstructive pulmonary disease (44) , in the chronically CB denervated dog (31), pony (2), goat (26), rabbit (4), or rat (25) .
It is somewhat surprising that these steady-state levels of systemic CO 2 retention and brain acidosis do not yield greater compensatory ventilatory responses. Studies in intact animals using ventricular-cisternal perfusion of brain extracellular fluid (27, 36) or of inhaled CO 2 with the isolated CB maintained normocapnic (37) , claim that the great majority of the ventilatory response to systemic hypercapnia is attributable to the central chemoreceptors. One explanation for the limited responsiveness of the central chemoreceptors observed in the present study may be that central chemoreceptor responsiveness to brain CO 2 is critically dependent on the level of afferent input reaching chemosensitive neurons, including that from carotid chemoreceptors, via pathways through the nucleus of the tractus solitarius. In support of this postulate, Takakura et al. (40) showed that CB stimulation via cyanide or hypoxia activated CO 2 -sensitive neurons in the retrotrapezoid nucleus in anesthetized rats, and that these responses were prevented via CBD. Furthermore, Hodges et al. (17) observed that CBD caused a significant depression of the ventilatory response in awake goats to focal acidosis in the raphe nucleus. A more direct test of this proposed dependence of central chemoreceptor responsiveness on CB chemoreceptor input might be accomplished in our intact, awake preparation by superimposing progressive, systemic hypercapnia on a normal vs. maximally inhibited CB.
CB Chemoreceptor Inhibition, Systemic Hypercapnia, and Blood Pressure
Numerous studies have reported that normoxic hypercapnia elicits an increase in MAP via sympathoexcitation in both healthy humans (30, 39) and intact dogs (21, 32) , which is likely due to CO 2 stimulating both the CB and central chemoreceptors. Our findings during inhibition of the tonic input from the CB suggest, however, that a signal of central origin is the main cause of this CO 2 -induced increase in MAP. This agrees with findings of Oikawa et al. (24) , who demonstrated that, in conscious rats at rest, normoxic hypercapnia induced significant increases in MAP and renal sympathetic nerve activity, and that this response was not attenuated by CBD (ϩ7 mmHg in both conditions).
Although the hypercapnia-induced sympathoexcitation should result in a positive cardiac chronotropic response, we observed no change in heart rate during CB inhibition. We postulate that a baroreflex-induced vagal stimulation, in response to MAP increase, counteracted the sympathoexcitation. This hypothesis agrees with previous findings in intact rats (24) , which showed a vagally induced bradycardia with normoxic hypercapnia, whereas intravenous administration of atropine resulted in an increase in heart rate.
Conclusions
In conclusion, our findings in an intact and unanesthetized preparation showed that CB chemoreceptors provide a major excitatory input to medullary respiratory neurons, thereby contributing more than one-half of the drive to eupnea in normoxia. Furthermore, we speculate that the contribution of CB input to eupneic breathing is not limited to a direct modulation of the ventilatory controller. This tonic input may also exert a strong modulatory effect on central CO 2 /H ϩ chemoreceptors and, therefore, the ventilatory response to systemic hypercapnia/acidosis. There would be major implications for our understanding of the chemical control of breathing if future studies confirm this spec-ulation. 1) Central and peripheral chemoreceptors do not act independently of one another.
2) It follows that interaction of central and peripheral chemosensory inputs to the ventilatory control system would not be simply additive but would likely be more complex than currently appreciated. 3) If, as suggested by Guyenet and colleagues (15a, 40) , the chemosensitive neurons of the RTN also possess integrating properties for a variety of sensory inputs (e.g., pulmonary stretch receptors, baroreceptors, central locomotor areas), then there is potential for complex interactions between chemosensory and other nonchemosensory reflexes.
